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INTRODUCTION

The food-vacuole has been more extensively studied in Paramecium than in any
other organism. There is, however, still much diversity of opinion concerning the
processes involved in its formation and movement and in the changes that occur in
it. These phenomena will be considered in the following pages.

MATERIAL AND METHODS

Four species of Paramecium * were used in the following observations, namely,
caudatum, wmultimicronucleatum,® anrelia, and trichinm. All the specimens used
were obtained from pure cultures maintained in the laboratory.

1T am indebted to Dr. W, J. Bowen for very efficient assistance in some of this work, and
to the artist John S. Spurbeck, for expert service concerning the figures.
2Dr. D. H. Wenrich very generously identified the species used.
3 The name “multtmicronucleatum” is so long and unwieldy that the abbreviation, nucleatum,
will hereafter be used in place of it.
31
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Paramecia are usually so active that it is very difficult to study them under high
magnification. Various methods have been used to quiet them, e.g.. addition of
narcotics (Bills, 1922), addition of yeast-cells stained with congo red (Buck, 1943),
increase in viscosity (Marsland, 1943: Moment, 1944; and others). All these
methods and also reduction in temperature were tried. The best results were ob-
tained with the second method and some modifications of it.

It was found that locomotion can readily be stopped without apparent injury by
means of narcotics or by increasing the viscosity of the culture fluid, but that when
locomotion ceases under these conditions, feeding does also. It was also found that
while movement decreases greatly with decrease in temperature, it does not decrease
sufficiently to make observation under high magnification practicable until after the
paramecia have been actually frozen and killed.

Nearly all the observations were made on preparations made as follows: A drop
of solution containing numerous paramecia from a young, vigorous culture was
mounted between two small ridges of vaseline on each of several slides.  Yeast-cells
stained with congo red (Buck, 1943) were added to some, chinese ink or carmine to
others, and an abundance of zooglea and a little neutral red or nile blue to still others.
Then all were covered with cover-glasses and sufficient fluid removed from some to
flatten the paramecia considerably. All the preparations were kept in a damp
chamber when not under observation.

The paramecia in these preparations usualty lived for several days. They were
very active at first but they soon became quiet, although it sometimes required 24
hours or more, and in some of the preparations they became so quiet that given
individuals could be studied continuously for several minutes, even under an oil-
immersion objective. Nearly all the quiet paramecia, even those which had been
flattened, fed vigorously. In some of these, especially those which were flattened,
the structure of the feeding apparatus, the activity of the cilia and the movement of
particles in it, and the formation of the food-vacuotes could be clearly seen.

It was found that the paramecia from young, rapidly growing cultures become
quiet much more readily than those from old declining cultures. This is doubtless,
at least in part, due to difference in the hydrogen-ion concentration of the cultures.
At any rate, it was observed that if a trace of alkali 1s added to fluid from young
cultures the activity of the paramecia in it increases greatly and that if a trace of
acid is added to fluid from old cultures the activity of the paramecia in it decreases.

THE FEEDING APPARATUS

Numerous observations were made on the feeding apparatus in the four species
of Paramecium listed above.  The following conclusions were reached: The feeding
apparatus is essentially the same in structure in the four species studied. It con-
sists of a shaltow ciliated groove (the oral groove) which extends from the an-
terior end to slightly beyond the middle of the body, a ciliated depression (the vesti-
bulum) at the posterior end of the groove, a ciliated tube which extends from an
opening in the floor of the depression (the mouth) backward into the body, and some
fibers which extend from the distal end of the tube toward the posterior end of the
body.

The tube is called pharynx by sonie, cytopharynx, gullet or esophagus by others,
and a portion of it pharynx and the rest esophagus by still others. I shall call it
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pharynx. The pharynx can be seen distinctly in living specimens. It extends from
the mouth directly toward the center of the body a short distance, then turns back-
ward sharply and proceeds parallel with the surface of the body for some distance,
then turns sharply again but nearly at right angles to the first turn and ends almost
immediately in an elliptical opening which leads into the forming food-vacuole which
I shall designate “‘esophageal sac” (Fig. 1).

Fieure 1. Camera outline of Paramecium aurclia showing the feeding apparatus and its
relation to the rest of the body. A, oral groove and mouth facing upward; B, oral groove and
mouth facing to the right; O, oral groove; M, mouth; I, vestibulum; £O, esophageal opening;
P, pharynx; ES, esophageal sac; EF, esophageal fibers.

Nirenstein (1905) and others maintain that the mouth is a fixed oval opening.
But Frisch (1937) says it “is a narrow slit bounded by a raised, thickened border
in the form of an elongated oval, somewhat like lips” and that it 1s sometimes closed.
His observations were made on an exconjugant individual, beginning immediately
after it had separated from its mate and continuing for one and one-half hours. I
have scen the mouth under the oil-immersion objective in many individuals under
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various conditions but not in any immediately after conjugation. In all these, the
mouth was continuously distinctly oval in outline, and I did not see any indication of
change in form or size. It may well be that the phenomena observed by Frisch
occur only for a few hours after conjugation.

If a paramecium is so oriented under the cover-glass that the anterior end is
directed from the observer and the oral groove is to the left and faces upward, one
can see down through the mouth into the proximal end of the pharynx and one can
see the esophageal sac extending at right angles from the opening at the distal end.
If the paramecium now rotates on its longitudinal axis 90° to the leit, one can see the
sharp curve in the pharynx at the proximal end and one can see down through the
esophageal sac into the distal end of the pharynx. A more distinct view of this sac
(the forming food-vacuole) is, however, obtained when the oral groove is to the
right and faces downward, for the distal end of the pharynx is now nearer the upper
surface of the body (Fig. 1).

The esophageal sac consists of a thin elastic membrane which separates the con-.
tent of the sac from the cytoplasm. It changes greatly in form and size as the food-
vacuole develops. '

The inner surface of the pharynx contains numerous cilia. This can be seen
clearly in living specimens, but no details can be made out concerning their ar-
rangement or their size or their action, except at the distal end where a number of
long cilia can be seen to beat vigorously into the forming food-vacuole.

Gelei (1934) found, in observations on fixed and stained paramecia, that there
are in the pharynx two bands of cilia and that one of these bands, the “penniculus”,
extends from the anterior left edge of the pharynx nearly to the posterior oral edge
and the other (called “Vierermembran™) from the auterior aboral edge to the pos-
terior oral edge. He maintains that the former usually contains eight rows of short
cilia and the latter four rows of long cilia which at the distal end of the pharynx ex-
tend into the forming food-vacuole. lund (1933, 1941) agrees with Gelei in refer-
ence to the composition, the location and the extent of the former and the com-
position and the location but not the extent of the latter. He holds that the latter
does not extend to the distal end of the pharynx but that there is at this end a “pouch”
which contains a “heavy tufit of cilia.”

The results of my observations are in full accord with Gelei’s contention. T
could not see anything that resembled a pouch at the end of the pharynx, but I
could see distinctly long cilia at this end, which extended into the forming food-
vacuole. These however, clearly appeared to be at the end of the **Vierermembran”
not in a partially separated pouch (Fig. 2).

Bozler (1924) maintains that there are attached to the right wall of the pharynx
about hali-way up, some ten long fibers which extend nearly to the posterior end of
the body, and that these fibers are fixed in position, fairly rigid and in the same
plane. He calls them “Schlundfaden” and says similar fibers occur in other proto-
zoa and that Schuberg (1890) first discovered them in observations on Stentor.

Gelet (1934) and Lund (1933, 1941) confirm Bozler in reference to the presence
of long fibers attached to the pharynx in Paramecium but they do not agree with
him in the contention that the fibers are fixed and in one plane. Gelei holds that
they arc attached to the “right wall” of the pharynx but near the proximal end and
that they are not all in one plane. Lund maintains that they are attached near the
distal end of the pharynx on all sides and are not fixed. He says (1933, p. 55):
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Ficure 2. Camera outline showing the structure of the feeding apparatus in Paranteciim
aurclia. A and B, two views, one at right angles to the other. O, oral groove; I”, vestibulum;
M, mouth; P, pharynx; EO, esophageal opening; ES, esophageal sac; EF, esophageal fibers;
PE, penniculus; I'AM, “Vierermembran™; }, yeast-cell; L, a large particle; S, surface of the
body ; broken lines, paths taken by particles during the process of feeding; arrows, direction of
movement.

The cilia which project into the esophageal sac from the end of the pharynx are doubtless
part of the “Vierermembran.” There are, of course, many more than are represented.
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“Frequently in stained animals they are wrapped almost around the food vacuoles.
In the living animal they can be observed only a short way beyond the gullet, but
certainly not all in one plane and are capable of some movement. All morphologi-
cal evidence points to a lax condition of these fibrils, with their distal ends free.”
He calls them “postesophageal fibrils”.

Lund maintains that there are also “five or more heavy fibrils” which extend
from their attachment at the anterior edge of the opening at the distal end of the
pharynx, to the posterior edge where each ends in a “large granule” but that they can
not be seen in living specimens. The larger granules, Lund thinks, are part of the
neuromotor system. He calls these fibers “paraesophageal fibrils”.

I have made extensive observations on numerous living specimens of the four
species of Paramecium listed above, concerning fibers attached to the pharynx.
Some of the observations were made on specimens which had been greatly com-
pressed under the cover-glass, others on specimens stained with various vital dyes
and still others on specimens in various stages of inanition. All were made with the
highest grades of optical and illuminating systems (Mast and Bowen, 1944).

I could not see any fibers across the distal opening of the pharynx in any of the
specimens studied, but mm a few I could see several fibers which appeared to ex-
tend posteriorly from this end. 1 could not, however, make out any details as to
their attachment or their length. This indicates that the index of refraction of these
fibers is very nearly the same as that of the cytoplasm in which they are imbedded
and that in this respect they differ from those found in the Peritricha for in
these organisms they can readily be seen in the living state (Mast, 1944; Mast and
Bowen, 1944).

Tue FormaTIiON OF THE Foop-VACUOLE

Paramecia ordinarily do not ingest anything when they are swimming actively
(Mast and Lashley, 1916). When they are at rest or are swimming slowly in con-
tact with a solid surface, the oral cilia produce a current down the oral groove into
the vestibulum. This current contains in suspension all sorts of small solid par-
ticles many of which are carried into the vestibulum, but most of these are im-
mediately carried out again. The rest pass through the mouth into the pharynx;
some of these are thrown back out again, the rest and some fluid pass through the
pharynx into the esophageal sac. Here the fluid with the particles in suspension
usually rotates rapidly, and as more and more substance enters the sac, the particles
in it become more concentrated and the sac becomes larger, and finally a portion of
it separates from the pharynx as a full-fledged food-vacuole. All these phenomena
can be seen readily and there is little disagreement concerning them; there is, how-
ever, marked diversity of opinion concerning the processes involved. These will
be considered in detail under several headings in the following pages.

Selection of particles.

Metalnikow (1907. 1912) concludes that while paramecia ingest all sorts of small
particles they take more of those which are digestible than of those which are not.
This conclusion is supported by Bozler (1924), Losina-losinsky (1931), Bragg
(1936a, 1939), and others. It is consequently fairly certain that paramiecia can
differentiate between various small particles. There is, however, little known con-
cerning the factors involved.
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Bozter (1924) maintains that selection is usually made at or uear the entrance
to the pharynx by the response of individual cilia to contact with particles which
have been carried into the vestibulum by the oral current, i.e., that if a particle comes
in contact with a cilium, the cilium responds either by throwing the particle into the
pharynx or into the outgoing current, depending upon the physical characters of
the particle. He says (p. 189) : “Man ersieht . . . dass das Hinembefordern der
Nahrungsteilchen nicht durch ein planmissiges Zusanunenwirken der Cilien ge-
schieht, sondern dass jede Cilie auf Grund der Reize reagiert, die sie direkt von dem
Nahrungskorper erhilt.” He maintains, however, that particles which have en-
tered the pharynx are sometimes forced back out, even after they have nearly reached
the distal end, but that this occurs only if the particles are large enough to fill the
lumen of the pharvnx. Bozler's contention that selection i Paramecium is de-
pendent upon physical properties is supported by Schaeffer (1910) in observations
on Steutor. Nelson (1933). on the contrary, presents convincing evidence that
selection, in at least some ciliates, is dependent upon chemical properties.

Losina-Losinsky (1931) holds that discrimination between particles depends
upon the action of cilia controlled by a central coordinating system, rather than upon
the direct response of individual cilia to contact with the particles and that the
stimulating agent is chemical rather than physical. He holds that acceptance of a
particle is essentially the result of a chemopositive response and rejection to that of
a chemonegative response.

[ made numerous observations on the nmovements of particles in the feeding ap-
paratus of Paramecium candatum, P. nucleatium, and P. aurelia. Most of these
observations were made under the oil-immersion objective with specimens variously
oriented (Fig. 1). Some of the specimens were in culture fluid which contained
numerous bacteria and various other solid particles and others were in culture
fluid to which chinese ink, carmine, wheat starch and yeast-cells stained with congo
red had been added respectively. No difference was observed in the three species
studied.

When the paramecia were actively feeding. many particles of all sorts found in
the surrounding medium were carried into the vestibulum, but only a small propor-
tion of these passed on through the mouth into the pharynx. The rest passed out
again—some immediately, some not until after they had circulated around in the
vestibulum for a time. Nearly all the particles which entered the pharynx were
small. . A few of those and all the larger ones which entered, passed rapidly on
into the esophageal sac without any indication of retardation on the way. The rest
immediately after they had passed through the mouth, plunged, one at a time, into
the band of cilia (the “Vierermembran™) on the the aboral wall of the pharynx.
Here they stopped a moment and then either passed back out through the mouth
and the vestibulumn or directly on into the ésophageal sac (Fig. 2B).

It consequently seems to be the cilia in the “Vierermembran' near the proximal
end of the pharynx which, after momentary contact, either throw the particles back
out of the pharynx or down toward the esophageal sac. I have no evidence which
indicates what it is that decides the fate of these particles aiter they have come in
contact with these cilia. I have seen many stained, dead yeast-cells of all shapes
and sizes rejected after they had come in contact with them and [ have seen many of
the same shapes and sizes accepted. There appeared to be neither rhyme nor
reason in the process under these conditions.
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The results presented indicate, therefore, that selection among the larger par-
ticles takes place in the vestibulum and selection among the smaller ones in the prox-
imal region of the pharynx and the vestibulum; but they do not illuminate the
problem concerning the nature of the stimulating agent involved in the selection of
either.

Some of the particles ingested were surprisingly large. Several specimens of
Chilomonas paramecium, 18 p long and 10 p wide, and starch grains, 16 p in diam-
eter, were seen to pass through the pharynx into the esophageal sac (Fig. 2). Boz-
ler (1924) also found that paramecia sometimes ingest extraordinarily large par-
ticles. He found starch grains 11 p in diameter in the food-vacuoles. The inges-
tion of particles as large as these requires great extension of the pharynx, for it
usually is, in the smallest region, only five to seven micra in diameter. This shows
that the pharynx is far from being as rigid as it appears to be.

Bills (1922) and Bozler (1924) maintain that particles are often rejected after
they have passed well on down the pharynx, sometimes nearly, if not quite, to the
esophageal sac. They consequently imply that selection of food may take place any-
where in the pharynx. Lund (1933, 1941) seems to hold that the particles which
have entered the pharynx collect in front of a sort of fibrous screen at the mouth of
the esophageal sac and then gr'lduallv slip through “one by one” into it and that
selection takes place here, at least in part.

I have scen hundreds of particles of all sorts pass through the pharynx into the
esophageal sac under various conditions, hut I have never seen one rejected after
it had passed beyond the first bend in the pharynx; nor have I ever seen any indi-
cation of decrease in the rate of movement between this bend and the sac.

The enlargement of the esophageal sac and the increase in the concentration of
particles in it.

When a food-vacuole forms by constriction of the esophageal sac, a portion of the
sac remains as a membrane over the distal opening of the pharynx. This membrane
bulges slightly out into the cytoplasm and thus forms a shallow new esophageal sac.
[ there is active ingestion, this shallow sac rapidly becomes deeper and finally nearly
spherical in form. It contains relatively much fluid and few particles at first, but
as it increases in size the concentration of particles increases (at first slowly then
more and more rapidly) until the sac often appears to be almost filled with them.
The long cilia which extend from the end of the pharynx into the sac beat vigorously ;
this causes the particles in the sac to vibrate actively and its entire content to ro-
tate. Rotation usually continues until the sac is closed; but sometimes it ceases
long before the sac is closed and then only those particles vibrate which are in close
contact with the cilia at the mouth of the sac. This is doubtless due to increase in
the viscosity of the fluid in the sac. The quantitative relation between fluid and
solid particles in the newly formed food-vacuole varies very greatly. Under some
conditions the vacuole appears to be entirely filled with fluid, no particles whatever
being visible even under the highest magnification, while under others, as stated
above, it appears to be almost entirely filled with particles.

Butschli (1889) and Horning (1926) contend that the content of the pharynx is
in direct contact with the cytoplasm, i.e., that no membrane intervenes at the distal
opening and that the droplets (vacuoles) which pass from the pharynx into the
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cytoplasm are surrounded merely by a surface film.  Butschli seems to think that this
continues, but Horning holds that in the cytoplasm, membranes form at the surfaces
of the droplets.  Gele1 (1934) concludes that the content of the pharynx is separated
from the cytoplasm by a definite membrane which persists as the esophageal sac en-
larges, and that this membrane is porous; for he observed in stained whole mounts,
that the cytoplasm adjoining it was strongly stained, whereas that adjoining the
pellicle at the surface of the body and that adjoining the wall of the pharynx was
only slightly stained, if at all.

Nirenstein (1905) maintains that the cytoplasm exerts suction (“eine Art Saug-
wirkung™) on the esophageal sac, and that this causes the sac to enlarge very rapidly
to its maximum size and fill with fluid containing but few particles, and he thinks
that the cilia in the pharynx then force more particles into the sac and that this causes
the observed increase in their concentration. That is, he seems to hold that the
cilia come in direct contact with the particles and force them through the fluid in the
pharynx and finally into the sac.

Bitschli (1889), Bozler (1924) and others maintain that the enlargement of the
esophageal sac is due to pressure of fluid forced into it by the action of the pharyn-
geal cilia.  They consequently do not agree with Nirenstein in reference to the cause
of the enlargement, but they appear to agree with him in reference to the process in-
volved in the concentration of particles. Bozler describes this as follows: A drop
consisting largely of water (“ein Wassertropfen™) is first formed; then solid par-
ticles are forced into it by the cilia in the pharynx (*“hereingestrudelt”) and whirled
about by those which project from the end of the pharynx into the drop. After the
drop has become nearly filled with partlcleb these cilia rotate its content and press
the particles together so as to get as many in as possible.

All the investigators referred to obviousty hold that when the esophageal sac
begins to enlarge almost nothing but water enters, that this continues until it has
nearly, if not entirely, reached maximum size and that after this almost nothing but
solid particles enter. This would account for the observed increase in the concen-
tration of solid particles in the esophageal sac, but it is difficult to understand why
the cilia in the pharynx should at first transport mainly water and later mainly solid
particles.

Lund (1933) agrees with Biitschli and Bozler in reference to the cause of the
enlargement of the esophageal sac, but he thinks that “paraesophageal fibrils” at
the mouth of the sac are involved in the concentration of particles in it. He says
(1933, p. 54) : “Food material collects as it reaches these fibrils, so it is probable
that they too aid in the concentration of food particles into the vacuoles” and (1941,
p. 564) “Here particles of all sizes are trapped in the paraesophageal fibrils, while
most of the fluid material presumably circulates back into the pharyngeal cavity.
One by one the particles of food slip through the paraesophageal fibrils, and arrive
in a growing bulge (the future food vacuole) on the dorsal side of the pharynx.”

Lund found in section of paramecia, some particles which appeared to have been
entangled in fibrils at the mouth of the esophageal sac. This led to the conclus-
ions quoted above. I have, however, as previously stated, been unable to see in
living paramecia any indication of an aggregation of particles at the mouth of the
sac or cessation of movement of individual particles in this region. Nor have I been
able to find any indication of backward circulation of fluid in the pharynx. The
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particles observed by Lund ‘among fibrils at or near the mouth of the sac may well
have been deposited there by the microtome knife in sectioning the organisms.

[t seems to me to he perfectly obvious that the cilia in the pharynx force fluid
with particles in suspension into the esophageal sac and that it is this that causes the
enlargement of the sac as Biitschli, Bozler and others maintain. But I could not
observe any change in the concentration of the particles in the fluid forced into the
sac, during its enlargement, i.e., I did not obtain any evidence indicating that the
concentration was at first low and later high as Bozler's view demands. What
then causes the observed increase in concentration ?

Discussion

Nirenstein (1905) maintains that after the food-vacuole has been formed and
has left the pharynx it rapidly decreases in size and that this is due to loss of fluid.
These contentions have been abundantly confirmed. The membrane around the
food-vacuole 1s therefore pervious to water, and the loss of water, which causes the
vacuole to decrease in size, is doubtless due to excessive external osmotic concen-
tration and inward pressure of the stretched vacuolar membrane (Mast and Bowen,
1944).

I this is true, water must be continuously forced out of the esophageal sac dur-
ing its enlargement, i.e., during the formation of the food-vacuole, for the factors in-
volved in the loss of water from the fully formed food-vacuole function continuously
during its formation. And since no solid particles leave during this time, it is ob-
vious that this would result in increase in their concentration in the forming vacuole.
But it does not account for the apparent observed increase in the rate of their con-
centration as the sac enlarges.

The difference between internal and external osmotic concentration is doubtless
practically constant during the enlargement of the esophageal sac, as is also the
pressure of the fluid against its inner surface, caused by the action of the cilia in the
pharynx. The rate of outflow of water per unit area of membrane at the surface of
the sac (provided there is no change in its permeability) is therefore practically con-
stant ; but since this area increases as the sac increases in size the rate at which water
leaves the sac, 1.e., the volume per second, also increases. Therefore, since as the
sac increases in size the rate of inflow of fluid and particles through the pharynx re-
mains practically constant, while the rate of outflow of fluid without particles in-
creases, the rate of concentration of particles in the fluid in the esophageal sac must
increase as the sac enlarges. Moreover, as the esophageal sac enlarges the mem-
brane at its surface is continuously stretched, and as it is stretched it must be con-
tinuously built up by the interaction between substances in the sac and the adjoining
cytoplasm so as to prevent rupture. It may well be, however, that the membrane
thus formed becomes more and more pervious to water as it is stretched during the
enlargement of the sac. If this is true, it also causes an increase in the rate of con-
centration of particles in the sac.

The conclusion that water continuously passes from the esophageal sac into the
cytoplasm has an important bearing on various views concerning the origin of the
water which is excreted by the contractile vacuoles. Eisenberg (1925) and Frisch
(1937) hold that all this water enters the body through the pharynx; Bozler (1924),
Fortner (1926), and Miilter (1932) conclude that some of it enters through the
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pellicle, and Kitching (1934, 1936, 1938) assumes, in some of his experiments, that
all enters through the pellicle.

It has been demonstrated by several investigators that the total volume of the
food-vacuoles (at maximum size) formed in a given period of time is only about
one-third as great as the total voluime of the contractile vacuoles (at maximum size)
formed during the same length of time. This seems to prove that water enters the
body through the pellicle as well as through the pharynx. Eisenberg, Frisch and
otliers maintain, however, that some of the water that enters the pharynx passes
directly into the cytoplasm, i.e.. without entering the food-vacuole at all, and that
this accounts for the observed difference hetween the total volume of the food-vacu-
oles and that of the contractile vacuoles. The evidence presented above that water
continuously passes from the esophageal sac into the cytoplasm during the formation
of the food-vacuoles, strongly supports the contention that the water excreted by
the contractile vacuoles enters the pharynx; for the formation of the food-vacuole
requires sufficient time to permit, during its formation, the passage of more water
from it into the cytoplasm than passes from the food-vacuole into the cytoplasm
after the vacuole has been fully formed.

In view of these and other considerations it is difficult to understand how Kitch-
ing, in the experiments referred to above, came to assume that all the water that was
excreted by the contractile vacuole entered the hody through the pellicle.

THE SEPARATION OF THE FFOOD-VACUOLE FROM THE PHARNYX AND ITS MOVEMENT
THROUGH THE Boby

There has been for many years much speculation concerning the processes in-
volved in the separation of the food-vacuole from the pharynx and its movements
after it has become free, but these problems still remain unsolved.

I have closely observed under the oil-immersion objective, numerous food-
vacuoles leave the pharynx and pass through the body in each of the four species of
Paramecium listed above, especially the first three. The specimens studied were
under many different environmental conditions, both natural and artificial. Ex-
tensive variations were seen in each species but the results as a whole seem to show
that the processes involved in the closing of the esophageal sac, the separation from
the pharynx of the food-vacuole thus formed, and its passage through the body are
fundamentally identical in the four species.

The following usually occurs: The esophageal sac enlarges and becomes nearly
spherical with the major axis directed backward. The substance in the sac rotates
strongly and the particles in suspension vibrate vigorously and become much con-
centrated. After the sac has become about twice as wide as the pharynx, it slides
posteriorly from the diagonal end of the pharynx and becomes definitely pear-
shaped, a nipple being drawn out on the vacuole as it leaves the pharynx. (No
change whatever in the size of the end of the pharynx can be seen during this proc-
ess.) A small portion of the esophageal sac remains as a membrane over the open-
ing in the pharynx. This bulges out into the cytoplasm slightly, forming a shallow
sac which soon enlarges to form a new vacuole (Fig. 3). After the nipple which
connects the newly formed food-vacuole with the tip of the diagonal end of the
pharynx has broken, the vacuole moves rapidly thirough the cytoplasm nearly to
the posterior end of the body, and on the way it creates marked currents in the
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cytoplasin, turns through approximately 270° and becomes spherical.  After it has
reached the end of this course, it stops a few moments, then slowly passes forward
near the aboral surface to the anterior end of the body or part way, and then back
along the opposite surface. to the anus.

As stated above, there is great variation in these phenomena. Some of these
are set forth in the following paragraph:

During the separation of the food-vacuole from the pharynx, the cvtoplasm
around 1t ordinarily flows slowly backward and appears to elongate the vacuole
slightly, but sometimes this cytoplasm does not flow at all and occasionally it flows
so violently that it appears to elongate the vacuole greatly and actually pull it from

Re

Ficure 3. Camera outline of a portion of the feeding apparatus and some sketches illus-
trating the movement of the food-vacuole during its separation from the pharynx in Paramiecium
ayrelia. P, pharynx; ES, esophageal sac; I, food-vacuole; arrows, direction of movement.

the pharynx. After the vacuole has been separated from the pharynx it alinost in-
variably moves toward the posterior end of the body much faster than the surround-
ing cytoplasm, but occasionally it moves so slowly that it appears to be carried by
the cytoplasm.  On its way toward the posterior end of the body the vaeuole usually
turns somewhat more than half-way around but sometimes it does not turn at all,
and sometimes it turns entirely around and occasionally even more than once; and
it sometimes goes only a short distance on its usual course toward the posterior end
of the body and is then carried forward. The vacuole usually becomes spherical
before it has reached the posterior end of the hody, but it sometimes does not be-
come spherical until much later, if at all.  This appears to be closely correlated with
the viscosity of its content. Details concerning these phenomena are given in the
next section (see also page 55-57).
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Discussion

It is held by all who have investigated the subject that after the food-vacuole has
reached the posterior end of the body, it is carried over the rest of its course in the
cytoplasmic stream, i.e., by cyclosis, but there is marked diversity of opinion con-
cerning the processes involved in the separation of the food-vacuole from the pharynx
and its rapid movement toward the posterior end of the body.

Stein (1859), Butschli (1889) and Bragg (1935, 1936) conclude that contrac-
tion of the distal end of the pharynx and cyclosis are involved. However, since
no decrease in the size of the pharynx can be seen and the vacuole sometimes leaves
the pharynx and moves away in the total absence of cyclosis, neither of these two
factors is essential.

Nirenstein (1905) maintains that the cytoplasm adjoining the esophageal sac
near the distal end of the pharynx contracts and separates the content of the sac from
that in the pharynx and that the vacuole thus formed is carried away by cyclosis.
Bozler (1924) supports Nirenstein in reference to the separation of the vacuoles
from the pharynx, but he holds that the vacuole is not carried off by cyclosis. He
contends that there is periodic backward streaming of the cytoplasm (which is not
cyclosis) adjoining a group of fibers (**Schlundfaden™) which extend from the
pharynx nearly to the posterior end of the body and that the vacuole is carried
posteriorly in this stream.

If the constriction in the esophageal sac is caused by the adjoining cytoplasm, one
would expect to find a differentiated structure in the cytoplasm, ie., a sort of
sphincter.  Nothing of this sort has, however, been found : and Bozler’s contention
that there is a stream of cytoplasm backward along one side of a bundle of fibers
has not been confirmed. It is consequently not likely that the formation and move-
ment of the vacuole is dependent upon either of these two postulated factors.

Kalmus (1931) and others seem to think that surface tension plays a predomi-
nant role in the formation of food-vacuoles, somewhat as it does in the formation of
drops of water in the air.  The formation of drops of water in air by the action of
surface tension is, however, dependent upon weight. But since food-vacuoles sus-
pended in cytoplasm have no weight, surface tension cannot he essential in their
formation.

Gelei (1934) says the food-vacuoles are torn from the pharynx, but he does not
say by what means.

Lund (1941) concludes that the food-vacuole is separated from the pharynx
and forced toward the posterior end of the body by the action of the “postesophageal
fibrils”.  He says (p. 564) : “With the growth of the vacuole the postesoph'we'll
fibrils contract ahout its base, the vacuole is pressed posteriorly, and once it is re-
leased the fibrils conduct it into the cytoplasm with considerable rapidity. Their
concerted action produces an effect somewhat resembling that produced by a peri-
staltic wave in the esophagus of higher vertebrates.”

Lund did not actunally see the processes described nor could T see anything of
the sort. I believe, however, that his postulations are eminently sound, for they rea-
sonably account for nearly all that has been seen. There is, however, one observa-
tion that seems to require further elucidation.

Nirenstein (1905, p. 451) maintains that if the food-vacuole is directly over
or under the diagonal opening of the pharynx which now appears as a clear oval
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(“hetter Oval'"), it can be seen that as the vacuole leaves the pharynx, the minor axis
of the oval decreases until the oval becomes a slit (“‘ein heller Spalt™) before the
major axis decreases. [ could not see these phenomena, but the observations are
so difficult that this casts no reflections on their validity. Nirenstein thinks that
the decrease in the minor axis, before the major axis decreases, must be due to con-
traction of the cytoplasm (“‘Plasma”) adjoining the esophageal sac near its con-
nection with the pharynx. Lund asserts, as previously stated, that there are sev-
eral fibers which extend over the opening at the distal end of the pharynx, i.e., the
mouth of the esophageal sac. T have already presented evidence which shows that
if these fibers exist (and Lund's figures seem to prove that they do). they are not
inside of the pharynx or the sac. They must, therefore, be outside, some doubtless
being on either side of the sac close to the end of the pharynx. If this is true, these
two groups of fibers become much separated in the middle and stretched as the sac
enlarges. And if they now contract the opening of the sac will be laterally squeezed
and consequently will become siit-like, i.e., it will assume a form which is in accord
with Nirenstein's contention. It may well be, therefore, that these fibers (called
“paraesophageal fibrils” by Lund) function in the separation of the food-vacuole
from the pharynx.

INITIATION OF THE SEPARATION OF THE FOOD-VACUOLE FROM THE PHARYNX

The earlier investigators held that in Parameciiimn the size of the food-vacuole
controls the initiation of its separation from the pharynx, and this idea seems still to
be widely held. For example, Bragg (1935) says the food-vacuole “grows gradu-
ally larger till, reaching its full size, it siddenly drops into the endoplasm.” This
contention is supported by the fact that in a given individual successive vacuoles are
usually nearly the same in size, but it does not account for the great difference in
their size often observed.

Bozler (1924) asserts that the separation of the food-vacuole from the pharynx
is initiated by contact of particles with the inner surface of the vacuolar membrane.
He bases this assertion on his contention that paramecia will not form food-vacuoles
in a medium which does not contain particles. In this contention he does not, how-
ever, agree with Schewiakoff (1894), who maintains that particles are not necessary.
Bragg (193:)) says that in Paramecium trichium contact of large particles with the
inner surface of the vacuolar membrane is alw ays immediately followed by separa-
tion of the vacuole from the pharynx. This seems to support Bozler’s contention.
Bragg says however that many of the food-vacuoles formed in this species have no
large particles and that in Paramecium caudatim large particles in the vacuole have
no effect on their separation from the pharynx. He consequently concludes that
they are not necessary.

I made many observations concerning this on each of the four species of Para-
mectum under consideration and found in alt these species that the food-vacuole fre-
quently leaves the pharynx immediately after a large particle has entered but that
this does not always occur in any of them. I observed that when Paramectum trich-
i is ingesting yeast-cells, the food-vacuole usually leaves the pharynx inunediately
after one of these cells has entered but that occasionally it does not leave until after
two have entered. [ also found that this obtains for each of the three other species
studied, when they are ingesting specimens of Chilomonas paramecinn, and in these
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I observed that occasionally the vacuole did not leave the pharynx until after three
had entered.

These results are therefore not in full accord with Bragg's contentions. How-
ever, I also observed in all the species, food-vacuoles which had no large particles
whatever. This supports Bragg’s conclusion that contact of large particles with the
vacuolar membrane is not necessary for the separation of the vacuole from the phar-
ynx. This conclusion is also supported by the fact that T have under various con-
ditions seen many food-vacuoles form in which no particles whatever could be seen.
It is therefore very probable that in Bozler’s observations the failure of the para-
mecia to form food-vacuoles in a particle-free medium was due to injurious action
of the medium he used rather than to the absence of particles in it.

The evidence in hand obviously throws but little light on the processes involved
in the initiation of the separation of the food-vacuole from the pharynx in para-
mecia, and this is also true for other forms. Mast and Bowen (1944) considered
this problem theoretically in reference to the Peritricha and reached the following
conclusions : “It is highly probable that waves start at fairly definite intervals in the
pharyngeal ring and pass simultaneously down all the esophageal fibers and that
each of these sets of waves initiates a constriction in the esophageal sac, if it con-
tains sufficient fluid to make a constriction possible. i this is true, the size of the
vacuole is correlated with the rate at which the fluid is forced into the esophageal
sac by the cilia in the pharynx and the rate at which it leaves this sac by osmosis.
If these processes and the interval between successive waves depend upon the com-
position of the surrounding fluid, the temperature and the physiological state of the
organism, 1t accounts for the observed variation in the size of the food-vacuoles and
the intervals between their formation.” It seems to me that these conclusions apply
equally well to Paramecim. Moreover, Bozler (1924) says that in this genus a
momentary current passes posteriorly along the “Schlundfaden at about 50-second
intervals. These currents, he asserts, are entirely independent of cyclosis. I have
seen similar currents in this region, though not very distinctly. I helieve they are
produced by periodic action of the esophageal fibers. If this is true, it supports
the conclusions presented above.

Si1zE, RATE oF FORMATION, AND SHAPE OF THE FooD-VACUOLE
Sise

It is well known that the food-vacuoles formed in Paramecium vary greatly in
size, but very little is known concerning the cause of this variation.

Metalnikow (1912) maintains that if paramecia are transferred from a solution
which is poor to one which is rich in digestible substance (i.e., bacteria, milk, egg-
yolk, etc.) the first vacuole formed is always huge, judging from his figures, nearly
40 times larger than normal vacuoles. He also maintains that in solutions which
contain only indigestible particles (carmine, chinese ink, etc.) the food-vacuoles
formed are abnormally small. He does not designate the species studied, but his
figures indicate that it probably was aurelia.

I repeated Metalnikow's experiments and obtained results which on the whole
support his conteuntion ; but I found that the size of the vacuoles is not at all closely
correlated with the composition of the surrounding medium. That is, I found that
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the extent of change in the size of the vacuoles formed after transfer to a given
medium varied greatly.

Dogiel et al. (1927) made observations on the food-vacuoles formed by para-
mecia * in solutions of salts, containing numerous particles of chinese ink i sus-
peunsion. They found that in solutions of MgCl,, MgSO,, and FeSO,, the food-vac-
uoles formed are long, tubular and coiled (“Nahrungsschlauche) but that in solu-
tions of BaCl, they are minute and spindle-shaped. Judging from the sketches
presented, the former would average about 60 p in diameter in spherical form, and
the latter only about 4. Both were filled with particles of ink.

I repeated these experiments on each of the four species of Parameciiun listed
above, with each of four brands of chinese ink in a much greater range of concentra-
tions of the salts than was used by Dogiel et al. Moreover, the solutions of all the
salts were made up respectively in distilled water, tap-water, and flud taken from
the cultures. The paramecia ingestéd the particles of ink freely in all the salt con-
centrations tested, except those which were so high that they were injurious; but I
observed no indication of the formation of abnormal food-vacuoles in any of the
solutions, either in form or in size.

Dogiel et al. assume that the abnormal food-vacuoles they observed were due to
the action of the salts used. They say, however, that they did not obtain such vacu-
oles if the chinese ink was omitted. This, and the fact that I obtained no abnormal
vacuoles, strongly indicates that the abnormality observed by them was due to the
action of the ink thev used rather than the salts.

Cosmovici (1931) maintains that “Colpidinm colpoda” in culture fluid con-
taining “amylodextrine” forms tubular food-vacuoles, some of which extend from the
pharynx to the anus. He concludes that there is in the ciliates a very complicated
closed capillary digestive system, through which substance is moved by waves of
cyvtoplasmic contraction, and that cyclosis is an optical illusion, due to this movement.
Amazing conclusions !

I repeated and extended Cosmovici’s observations using paramecia in place of
colpidia, but obtained no evidence whatever in support of his contentions.

Frisch (1937) made very extensive measurements on food-vacuoles in specimens
of Paramecim nucleatim taken from given cultures on successive days for three
weeks or more. The cultures remained in a flourishing condition for nearly two
weeks and then declined. During the flourishing period the average diameter of the
food-vacuoles formed in different individuals varied from 17.25 p to 25 g with 65.55
for the largest vacuole measured. As the cultures declined the food-vacuoles formed
decreased in diameter “first to 13.80 microns, then progressively to 10.35, 6.90 and
3.45 microns.”  The paramecia were plump and ranged from 227 p to 330 p in length
until the cultures began to decline, then they gradually became thin and somewhat
shorter. It is consequently evident that in these cultures the size of the food-vacu-
oles formed varied directly with the size of the paramecia. Frisch maintains, how-
ever, that in well-fed paramecia the size of the food-vacuoles is not closely, if at all,
correlated with the size of the body and that the observed decrease in the size of the
food-vacuoles during the decline of the cultures was largely if not entirely, due to de-
crease in quantity and quality of food, i.e., bacteria.

4 The species is not designated but the size of the paramecia calculated from the sketches
presented and the fact that only one micronucleus is figured, indicate that it was caudatum.
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I repeated the observations made by Frisch and extended them to other species.
I also made observations on the effect of increase in the viscosity of the surrounding
fluid. The results obtained are in full accord with those obtained by Frisch. T did
find, however, that while within a given species, the size of the food-vacuoles does
not appear to be correlated with the size of the individuals, the vacuoles formed by
the two smaller species (aurelia and trichium) were, in general, much smaller than
those formed by the two larger (caudatum and nucleatum) and that the size in all
the species appears to depend upon the viscosity of the surrounding medium.

In the observations on the effect of viscosity, polyvinyl alcohol or methyl cellu-
lose was added to culture fluid containing paramecia on a slide. It was found that
if the viscosity of the fluid became high enough to retard locomotion, but not high
enough to inhibit it, the paramecia ingested the fluid rapidly, formed unusually large
food-vacuoles and soon became well filled with them (Fig. 4). In some of these
vacuoles a considerable number of solid particles could be seen but in others none

, 0.1 MM. ,

I'tcure 4. Camera outline of Paramecium caudatum showing food-vacuoles fornied in a
viscous solution of polyvinyl alcohol. I, food-vacuoles. The small dots in the food-vacuoles
represent solid particles. Most of the vacuoles did not contain any.

whatever, despite thorough examination of much flattened specimens under the oil-
immersion objective. Bozler (1924) obtained somewhat similar results with
other viscous substances.

Lee (1942) asserts that “preliminary observations™ show that the size of the
food-vacuoles in Paramecium is independent of the hydrogen-ion concentration of
the surrounding medium, but he gives no details regarding the results of the observa-
tions made. It may well be, therefore, that this assertion is not strictly true. How-
ever this may be, the evidence in hand seems to show that there are at least four
environmental factors which are involved in the control of the size of the food-
vacuoles, namely, the quantity and the quality of the particles in suspension, and the
chemical composition and the viscosity of the surrounding fluid. The question now
arises as to how these factors iunction.

Mast and Bowen (1944) found in observations on Forticella similis that the
food-vacuoles vary greatly in size without any variation in the number or kind of
particles suspended in the surrounding fluid or in its chemical composition. But
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they did find that under certain conditions the size is definitely correlated with the
quantitative rate of ingestion.

They postulate, as stated above, that the food-vacuole is formed by constriction
in the esophageal sac caused by the action of the esophageal fibers and that this con-
strictive action occurs at fairly regular intervals regardless of the size of the
esophageal sac. If this is true, it is obvious that if the constrictive action occurs
when the sac is large, a large vacuole will be formed and that if it occurs when the
sac is small, a small vacuole will be formed ; and it is also obvious that if the quanti-
tative rate of ingestion is high the esophageal sac will become, during the interval
between successive constrictive actions, larger than if it is low. But the size of the
sac will also depend upon the quantitative rate of passage of fluid from the sac
through its surface membrane mnto the adjoining cytoplasm.  According to this view
then the primary factors involved in controlling the size of the food-vacuoles are (1)
the quantitative rate of ingestion of fluid and solid particles, (2) the quantitative
rate of passage of fluid from the esophageal sac into the cytoplasm, and (3) the length
of the intervals between consecutive constrictive actions of the esophageal fibers.
If this obtains all other factors that may be involved (the quantity and the quality
of particles in the surrounding fluid, the chemical composition of this fluid, the
physiological state of the organisms, etc.) function by modifying the primary fac-
tors.

This hypothesis is in full accord with the facts in hand, concerning the controt
of the size of the food-vacuoles in the Peritricha, and it also appears to account for
all that is known concerning this phenomenon in Parameciun.

Ruate of formation

Metalnikow (1912) contends that the rate of formation of food-vacuoles is de-
pendent upon the hvdrogen-ion concentration and upon the temperature of the
surrounding fluid but that it is not dependent upon the number of particles suspended
in it.

Bozler (1924) asserts that the formation of a food-vacuole requires 4 to 5 minutes
if the particles in suspension are scarce and only 1 to 2 minutes if they are abundant.
He consequently does not agree with Metalnikow in this respect.

Frisch (1937) seems to agree with Bozter in reference to the correlation between
the concentration of particles and the rate of formation of food-vacuoles. He found
that the time required for the formation of the food-vacuoles neasured in the ob-
servations described above, varied from 17 to 365 seconds, and he maintains that
the time required for the formation of a food-vacuole is not dependent upon the size
of the vacuole but that it is largely, if not entirely, dependent upon the quantity and
the quality of the food present. He writes: “This variation did not depend upon
the size of the food-vacuole formed but probably upon the quantity and the quality
of bacteria present in the immediate vicinity of the animals.” He does not elucidate
this dependence, but he doubtless holds that the time varies inversely with the quan-
tity of bacteria and the extent of their usefulness as food.

Lee (1942) demonstrated that the rate of formation of food-vacuoles is closely
correlated with the hydrogen-ion concentration and the temperature of the surround-
ing fluid. He consequently supports Metalnikow.

No definite views have been expressed as to how the factors involved act in the
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control of the rate of formation of food-vacuoles. Lee implies, however, that the
rate is directly proportional to the activity of the cilia in the vestibulum (*“peri-
stome”) and that this is correlated with acidity, temperature, etc. This would ac-
count for the facts observed by Lee, but it would not account for the correlation
described above between the rate of formation of vacuoles and the concentration of
particles in suspension in the surrounding medium. Moreover, I have repeatedly
seen paramecia in which the cilia in the vestibulum were very active and numerous
particles entered the vestibulum, but none passed into the pharynx, all being thrown
out. This indicates that the amount of substance which enters the pharynx depends
upon the nature of the activity of the cilia in the vestibulum quite as much as upon
the magnitude of the activity.

If the food-vacuoles are separated from the pharynx by constrictive actions of the
esophageal fibers and these actions occur at regular intervals in accord with the
hypothesis presented above, the rate of formation of the vacuoles must depend upon
the length of these intervals; and the effect on the rate of formation produced by the
factors considered above, and others (i.e., acidity, temperature, physiological states,
etc.) must be due to alteration produced by them, in the length of the intervals.

Shape

It is generally agreed that the newly formed food-vacuoles in Parameciiim are
usually nearly spherical but that they sometimes are distinctly spindle-shaped (Ni-
renstein, 1905; Bozler, 1924; Dunihue, 1931; Gelei, 1934; Bragg, 1935, 1936).
There is no controversy concerning the cause of the spherical form, but there are
several views as to the cause of the spindle-shape.

Nirenstein holds that the spindle-shape is due to constriction of the distal end of
the forming vacuole by contraction of the adjoining cytoplasm and to drawing out
of the proximal end to a point as the vacuole leaves the pharynx. Bozler main-
tains that the food-vacuole is pressed against a bundle of fibers (“*Schlundfaden™)
on its way from the pharynx to the posterior end of the body and that this causes the
spindle-shape.  Gelei found that the portion of the esophageal sac which remains at-
tached to the pharynx after a food-vacuole has left, is sometimes pointed and he main-
tains that this results in a point on the distal end of the following vacuole and conse-
quently in a spindle-shape. Mast and Bowen (1944) found that this regularly oc-
curs in the Peritricha in which the newly formed food-vacuole is always spindle-
shaped. Their results consequently support Gelei’s contention. Bragg (1936)
concludes that the food-vacuole, immediately after it leaves the pharynx, is usually
spindle-shaped in Paramecium caudatum, rarely in P. nucleatum and never in P.
aurelia and P. trichium. He concludes that its form is a species characteristic,
but he gives no information as to why, in a given species, it is sometimes nearly
spherical and sometimes definitely spindle-shaped.

I found in observations on paramecia which had been in culture fluid containing
neutral red in moderate concentration, that nearly all the food-vacuoles formed in
P. caudatum and P. nucleatum, but none of those formed in P. aurclia and P. trich-
i, were spindle-shaped. T also found that, while in the spherical vacuoles there
was invariably violent movement, in the spindle-shaped vacuoles there was little or
none. This shows that the viscosity of the fluid in the vacuoles differs greatly and
that the shape of the vacuoles is correlated with it.
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3:55

Ficure 5. Camera outlines of a food-vacuole in a specimen of Paramecium aurelia, show-
ing changes in form, size, and content, and changes in the position of neutral-red granules at
the surface. P, pharynx; ES, esophageal sac; F, dood-vacuole; B, bacteria; I, indigestible
body; N, neutral-red granules; 3:12-3: 55, time.

Note that the vacuole rapidly became spherical then decreased slowly but greatly in size,
then increased rapidly and greatly. Note also that the numerous neutral-red granules at the
surface of the vacuole all disappeared during its rapid enlargement and that the bacteria appear
to have died and agglutinated during the decrease in size.
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CHANGES IN SHAPE AND SIZE OF THE FooD-VACUOLE AFTER IT HAS LEFT
THE PHARYNX

Nirenstein (1905) contends that the food-vacuole in Paraniecinm, after it has
left the pharynx, becomes spherical and decreases in size to about one-tenth and
then increases until it is somewhat larger than it was originally. These conten-
tions have been confirmed by others.

I made detailed observations concerning these phenomena in Paramecium
caudatum, P. nuclcatuni, and P. aurelia. The results obtained show that they are
fundamentally the same in these three species. The changes observed in a typical
food-vacuole in Paramecinm caudatum are illustrated in Figure 5.

This figure shows that the vacuole, after it had become iree from the pharynx,
rapidly became spherical and slowly decreased in size to nearly one-twentieth and
then very rapidly increased until it was nearly as large as it had been originally.
The figure indicates that as the vacuole decreased in size the bacteria in it died and
aggregated in numerous small clumps, and that fluid passed out into the surround-
ing cytoplasm until there was practically none left, and the vacuole was so packed
full of solid particles that the surface was very irregular. The figure indicates also
that the numerous “neutral-red granules” at the surface of the vacuole when it left
the pharynx, disappeared during its rapid enlargement. All these phenomena varied
greatly in extent and time. For example, under some conditions there was 1o
perceptible change in the size of the vacuoles at all. Details concerning some of
them are given in the next section (see pages 55-37).

Mast and Bowen (1944) observed similar phenomena it the food-vacuoles in
the Peritricha. They make the following statements in reference to the causes of
the changes n size: “The loss of fluid, resulting in the decrease in the size, is prob-
ably due in part to difference in the osmotic concentration oi fluids in the vacuoles
and the cytoplasm * (that of the latter being higher than that of the former) and in
part to inward pressure of the elastic membrane on the surface of the vacuoles, which
was stretched by the pressure of fluid forced into them by the pharyngeal ciha.
The inflow of fluid, resulting in increase in size, is probably entirely due to greater
osmotic concentration within the vacuole than without. If this is true, the internal
osmotic concentration must increase greatly during the time that the vacuole re-
mains minimum in size. This could readily be brought about by transformation in
the vacuole of osniotically inactive to osmotically active substance, for example,
starch to sugar. In food-vacuoles which contain lactose, the gelatinous substance
in them, referred to above, increases greatly in viscosity as the vacuoles decrease in
size (as indicated by observations on Brownian movement) and then decreases greatly
as they increase in size. The increase in viscosity is correlated with increase in
acidity. It may well be that this increase in acidity causes chemical changes in the
gelatinous substance which result in increase in osmotic concentration and that this

5 This contention is strongly supported by the following observations: Mast and Bowen
(1944) found that the food-vacuoles in [7orticella similis do not decrease in size if lactose in
sufficient quantity is added to the culture fluid; and Fortner (1933) found the same in Para-
mecium candatum in culture fluid to which numerous crushed bacteria had been added. In
both of these observations the osmotic concentration of the fluid in the food-vacuoles was
probably as high or higher than that of the surrounding cytoplasm, hence the retention of the
water in them and no decrease in size.
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in turn causes the rapid inflow of fluid from the cytoplasm which in turn, owing
to decrease in acidity, causes the observed decrease in viscosity.”
These statements are equally applicable to the food-vacuoles in Parameciiin.

Tue HyprROGEN-10N CONCENTRATION OF THE CONTENT OF THE F00D-VACUOLE
IN PARAMECIUM

It has been known for many years that after the food-vacuole in protozoa has
been formed the hydrogen-ion concentration of its content increases considerably
and then decreases again (Metchnikoff, 1889; IeDantec, 1890; Greenwood and
Saunders, 1894 Nirenstein, 1905 ; et al.®). There is however marked diversity of
opinion concerning the magnitude of these changes and the factors involved in pro-
ducing them. Moreover, it has recently been maintained that in Paramecium the
ingested substance becomes alkaline before the food-vacuole is formed, i.e., that there
is in the vacuole a “preliminary alkaline phase.”

The preliminary alkaline phase of the food-vacuole

Shipley and DeGaris (1925) made observations on specimens of Parameciin
caudatmm and P. awrelic in acid culture fluid to which phenol-sulfonphthalein
(phenol red) had been added. They maintain that this fluid and the bacteria in it
were distinctly yellow (acid), but that as it passed through the pharynx it became
“faintly but distinctly pink . . . next to the wall of the pharynx”, and that the form-
ing food-vacuole was “filled with an alkaline [pink] fluid” which later became
vellow (acid), and then pink (alkaline) again. They seem to hold that an alkaline
substance is secreted by the wall of the pharynx.

Shapiro (1927) repeated the observations of Shipley and DeGaris and extended
them to paramecia in neutral and in alkaline culture fluids. He says that in the
neutral culture fluid “the vacuoles at first had a very light shade of pink” (alka-
line), but that in the acid and the alkaline culture fluids there was no evidence of this.
He concludes, however (p. 49), that “the observations made by Shipley and De-
Garis of an alkaline stage at the beginning of the cycle has been verified.” Duni-
hue (1931) asserts, on the contrary, that he was unable to confirm these observa-
tions.

I put into each of seven test-tubes a given quantity of fluid from a vigorous
culture of Paramecim caudatum and added a different quantity oi phenol red to
the fluid in each, so as to produce a graded series of concentrations. All the solu-
tions became distinctly yellow, and comparison with a series of buffers containing
phenol red, showed that they were acid. After 24 hours the paramecia in the two
strongest solutions were dead, but those in the rest of the solutions appeared to be
in excellent condition. Some from each of these solutions were mounted and
studied. They ingested fluid and bacteria in all, and the results obtained were the
same in all.

6 Engelmann (1879, p. 349) had previously observed ingested blue particles of litmus
become red in Paramecium aurclia, Stylonychia mytilus, and Awmocba diffluens. But he did not
know that this change in color was correlated with the content of the food-vacuoles. He
assumed that the ingested particles of litmus were in direct contact with the cytoplasm and he
therefore concluded that the observed change in their color demonstrated that the protoplasm
is acid in these species.
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Under a magnification of 400 (20 oculars and 20 objective) the stream of fluid
in the pharynx was definitely yellow except a thin layer at the surface, ie., a thin
layer adjoining the wall of the pharynx, which was distinetly purplish pink. The
fluid at the surface of the forming food-vacuole was also purplish pink, but that in
the central portion was yellow, and the bacteria in it appeared to be the same in
color as the fluid. After the vacuoles left the pharynx, they decreased slowly in
size and the bacteria became intensely yellow, much deeper yellow than the fluid
around them. Later the vacuoles increased rapidly in size, and the fluid in them
became light purplish pink and the bacteria dark purplish pink.

These results are essentially in accord with the contentions of Shipley and De-
Garis, and they appear to support their implication that the wall of the pharynx
secretes an alkaline substance. However, on further examination of the paramecia
in the culture fluids containing phenol red, I found that the surface of the content
of the contractile vacuoles was also purplish pink, that is, that it was the same in
color as the surface of the content of the pharynx, and 1 later observed the same
purplish pink color in the pharynx and the contractile vacuoles in paramecia in
culture fluid which did not contain any dye. Moreover, under a magnification of
1200 (20 oculars and 60 oil-immersion objective) there was no indication whatever
of purplish or pinkish color in the pharynx or the contractile vacuoles, either in the
paramecia in the culture fluid containing phenol red or in those in the culture fluid
without any dye.

These results seem therefore to indicate that the purplish pink color observed in
the lower magnification was due to refraction phenomena, not to change i acidity.
It 1s consequently highly probable that the pinkish color observed in the pharynx
and the forming food-vacuole by Shipley and DeGaris and Shapiro was not due to
decrease 1n acidity.

I made numierous observations with several other indicator dyes, concerning a
decrease in the acidity of the fluid in the pharynx in Parantecium but obtained no
evidence of any. Moreover, Lund (1914) demonstrated fairly conclusively that
in Bursaria there is a definite increase. That is, he found precisely the opposite
from what Shipley and DeGaris maintain occurs in Parameciuin.  The evidence
in support of a “preliminary alkaline phase” in the food-vacuoles in Parameciwin is
consequently negligible.

TiE MAGNITUDE oF THE CHANGES IN THE HYDROGEN-10N CONCENTRATION
IN THE FFoop-VACUOLE

Bozler (1924) was probably the first to attempt to measure the hydrogen-ion
concentration of the content of the food-vacuole. He made observations on food-
vacuoles in paramecia which had ingested veast-cells stained with congo red; and he
concluded that the hydrogen-ion concentration of their content increases approxi-
mately to pH 3. Nirenstein (1925) repeated and extended Bozler's ohservations
and conciuded that it increases nearly, if not quite, to pIl 1. Neither oi these in-
vestigators measured the subsequent decrease in hydrogen-ion concentration.
Shapiro (1927) measured this and also the preceding changes. Tle made observa-
tions on paranmiecia in culture fluid containing respectively litmus, congo red, and
phenol red, and concluded that i neutral culture fluid the acidity at first decreases
to about pH 7.6 (“preliminary alkaline phase™), then increases to a maximum of
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pH 4, and then decreases about to pH 7. Kalmus (1931) confirmed Nirenstein’s
conclusion.

T repeated and extended the preceding observations made with dyes and I also
made observations on ingested crystals.

Ingested crystals

Neutral-red crystals were produced and tested for solubility and changes in
color in relation to hydrogen-ion concentration as described in preceding papers
(Mast, 1942; Mast and Bowen, 1944). Some fragments of these were added re-
spectively to neutral and slightly acid or alkaline culture fluid containing paramecia
on a slide and covered with a cover-glass supported on ridges of vaseline.

In some tests the culture fluid was taken from vigorous cultures which con-
tained numerous bacteria; in others it was taken from old cultures which contained
only a few bacteria, and in still others it was taken from a fresh culture which con-
tained very few bacteria. Starch was added to the culture fluid in some of the
tests. Observations were made on three different species of paramecia, namely,
candatum, nucleatiin, and aurelia. The results obtained are essentially the same
for the three species studied.

The paramecia fed freely in all the solutions used. Some of the food-vacuoles
formed contained, in addition to the culture fluid ingested, only bacteria. others
chiefly starch, and still others fragments of crystals, bacteria, and starch in various
proportions. The fragments of crystals ingested ranged in size from irregular
masses not much larger than the hacteria, to needle-like structures nearly half as
long as the diameter of the paramecia.

The largest iragments invariably punctured the wall of the vacuole and passed
out into the cytoplasm. Some of these were continuously observed under the oil-
immersion objective for an hour or more. During this titme they circulated several
times around the body in the cytoplasmic stream and were then ejected. A few
“neutral-red granules” became attached to the surface but no perceptible change oc-
curred in the crystals, either in color or in form.

All the smaller fragments of crystals ingested remained in the food-vacuoles.
These in most of the vacuoles did not change perceptibly and were ejected intact
with the rest of the undigested substance. But those in some changed in color from
brownish vellow to pink, and some of these rounded up and became nearly spherical.
I did not see any disintegrate completely; but the fact that they rounded up shows
that they became plastic and that they probably had partially dissolved.

These changes invariably occurred soon aiter the vacuoles had left the pharynx,
but not until after they had decreased considerably in size. They occurred in vacu-
oles which contained only a few bacteria as well as in those which contained many.,
but not in all, and they did not occur in any vacuoles which were well filled with
starch grains and contained but little fluid, and consequently decreased but little in
size.

In acetate buffer solutions the crystals became pink immediately at pH 5 and
lower, and dissolved in a few seconds. At pH 5.6 they became pink at the surface
in 2 to 3 minutes and dissolved in 15 to 60 minutes. In hydrochloric acid, pH 4,
they became pink at the surface immediately and dissolved in 10 to 20 minutes, but
at pH 5 it required several minutes for them to become pink and more than 60
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minutes for all to dissolve. Neutral-red crystals appear therefore to be consider-
ably more readily soluble in acetate buffer solutions than in solutions of hydrochloric
acid in distilled water. This difference seems to be correlated with the difference in
the amount of buffers present.

The fact that the crystals became pink and, at least partially, dissolved in a few
minutes in some food-vacuoles and did not change perceptibly in others shows that
the maximum hydrogen-ion concentration of the content of the vacuoles varies con-
siderably. This variation seems to be, at least in part, due to difference in the ex-
tent of the decrease in size of the vacuoles, for there was, as stated above, no change
in the crystals in any of the vacuoles until after the vacuoles had decreased con-
siderably in size.

The fluid in the food-vacuoles is doubtless well buffered and consequently re-
sembles acetate buffer solution in this respect. Therefore, the facts that in acetate
buffer solution the crystals become pink at pH 5.6 and that in many of the food-
vacuoles they do not become pink indicate that the hydrogen-ion concentration of
the fluid in these vacuoles does not reach pH 5.6.  The results presented below show,
however, that the maximum acidity reached in other vacuoles is very much higher.

Ingested dyes

The observations ou ingested dyes were made as follows: A series of small test-
tubes, containing some of the dye under consideration and appropriate buffer solu-
tion which differed by pH 0.2 in successive tubes, was prepared. Then culture
fluid containing paramecia and bacteria was mounted between two parallel ridges
of vaseline on a slide and dye or yeast-cells which had been stained by boiling in
water containing dye. added. Then the preparation was covered with a cover-glass
and the color of the content of the food-vacuoles formed, compared with that of
the buffer in each of the test-tubes, and usually also with that of stained yeast-cells
mounted respectively in buffer solution from each of the test-tubes. The hydrogen-
ion concentration of the content of the food-vacuole was assumed to be that of the
buffer and the stained yeast-cells in it, which it most nearly resembled.

‘Neutral red (pH 6.8, red—pH 8, auburn)

Three species of Paramecium were studied, caudatun, nucleatum, and aurelia.
The results obtained were essentially the same in these three species.

Owing to the activity of the paramecia, it was usually impossible to keep a given
food-vacuole under observation for more than a few minutes, especially under high
magnification. I succeeded however in continuously observing one vacuole under
20 oculars and a 60 oil-immersion objective throughout practically its entire exist-
ence. Since these observations are exceptional and the results obtained concern
various important phenomena aside from changes in hydrogen-ion concentration,
they will be presented in detail.

The paramecium in which this vacuole formed, had been for 24 hours in culture
fluid containing numerous bacteria and neutral red in low concentration. When it
was discovered there were scattered through the cytoplasm about a dozen food-
vacuoles and numerous small red granules or droplets often called “neutral-red
granules.” The vacuoles varied greatly in size and color. Some were pinkish red,
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others yellow and still others various shades between. The red granules were much
more abundant in the region around the distal end of the pharynx than elsewhere.
They were especially abundant near the distal end of the aboral surface of the
pharynx and the surface of the forming food-vacuole. There were so many gran-
ules on these surfaces that they appeared to form a continuous layer. Some of the
formed food-vacuoles were also well covered with granules but others had none
at all.

The food-vacuole under observation began to form about 3:11 p.ar. It con-
tained numerous bacteria and a small yellow neutral-red crystal which served ad-
mirably to distinguish the vacuole from others in the body. The bacteria were
swimming actively and the entire content of the vacuole rotated rapidly, owing to
the action of the cilia which projected from the pharynx into it. The vacuole left
the pharynx at 3:12 p.a1. and passed very rapidly nearly to the posterior end of the
body. It turned approximately through 180° on the way, created vioient currents in
the cytoplasm and dragged numerous neutral-red granules after it. It was pear-
shaped when it left the pharynx but became nearly spherical on the way to the
posterior end of the body. i.e., in about one-fourth second. The bacteria and the
fluid in it now appeared to be distinctly pinkish in color, but this was due to the red
granules on the surface, for careful focusing showed that both the fluid and the
bacteria in it were colorless. By 3:12V4 p.ar. the vacuole had decreased about one-
fifth in diameter and the crystal had become spherical and crimson in color, but the
bacteria were still colorless and active and the fluid was also still colorless. The
crystal had apparently partially dissolved and had become plastic. At 3:15 p..
the bacteria were motionless and faintly pink in color, but the fluid was still colorless.
No further change had occurred in the crystal and the surface of the vacuole was
still well covered with neutral-red granules. Some of these granules were seen to
leave and others to approach the surface. None passed into the vacuole. By 3:17
p.M. the vacuole had decreased nearly one-half in diameter and had moved forward
considerably. The bacteria had become deep pink in color, but no perceptible
change had occurred in the fluid or the crystal or in the number of neutral-red
granules on the surface. At 3:19 p.a. the diameter of the vacuole was only about
one-fourth its original fength. The bacteria were closely packed around the crim-
son crystal, forming a dark pink mass closely surrounded by the vacuolar membrane
which was still well covered with red granules. A few moments later the vacuole
began to increase rapidly in size. At 3:20 r.a. it had nearly reached its original
size. During its enlargement the bacteria had become lighter in color, the fluid in
the vacuole remained colorless and the neutral-red granules on the surface disap-
peared. By 3:23 p.y. the bacteria had become colorless, considerably larger and in-
definite in outline and the crystal had become nearly colorless.  No further changes
in color occurred in the content of this vacuole. None of it became yellow. This
was doubtless due to excessive dilution of the dye during the enlargement of the
vacuole as indicated below. These results were confirmed by observations for
shorter pertods on many other food-vacuoles in this preparation.

In observations on food-vacuoles in paraniecia in other preparations, some of
which contained stained yeast-cells, the following was found: Under some conditions
the content of the forming vacuole did not rotate, the bacteria were quiet and there
was no Brownian movement. This indicates that the fluid in it was very viscous.
The newly formed food-vacuoles were usually well covered with neutral-red gran-
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ules, but occasionally there were only a few on the surface. Sometimes all the
granules left the surface before the vacuole had decreased to minimum in size, but
there was no indication that any entered the vacuoles. In preparations which con-
tained but little neutral red, the neutral-red granules did not stain, but the bacteria
in the food-vacuoles still became pink after they died. All but a few of the food-
vacuoles observed were nearly spherical when they left the pharynx, and all these
rapidly became spherical after they had left. The rest were spindle-shaped when
they left the pharynx. Most of these rounded up very slowly after they had leit
and a few of them probably did not become S])hellC'l] at ail. Nearly all the spindle-
shaped vacuoles observed were formed in paramecia which had been subiected for
twelve hours or longer to relatively strong solutions of neutral red.

In most of the food-vacuoles observed a yellow hyaline layer formed at the sur-
face, as the vacuoles enlarged after having decreased to minimum in size. This
layer surrounded a red mass consisting of bacteria and other particles which gradu-
ally became uniformly distributed and distinctly vellowish in color. In the rest of
the vacuoles observed, no layer formed at the surface, the distribution of the bacteria
and other particles keeping step with the enlargement of the vacuoles; but the entire
content of these vacuoles eventually became yellow, just as it did in those in which
a layer had formed.

Ordinarily the food-vacuoles, after they had enlarged, remained intact until
their undigested content was eliminated ; but in a few instances two or more were
seen to fuse, and some of the vacuoles thus formed were very large.

The results presents show that there is great variation in all the phenomena ob-
served in the food-vacuole, but that the change in the acidity of its content is closely
correlated with change in its size. They indicate that, as the vacuole decreases
in size, the hydrogen-ion concentration of its content increases in some instances
to more than pH 4 and then (as it increases in size) decreases approximately to pH
8. The colors of the neutral-red-containing buffers used in measuring the acidity of
the neutral red stained content of the food-vacuoles, were however so indefinitely
correlated with the acidity of the buffers that the results obtained are necessarily little
more than crude approximations.

TuE MAXIMUM AcCIDITY OF THE CONTENT OF THE FooD-VACUOLE
Congo red (pH 3, bluc—pH 5, orange)

As stated above, congo red has been used by several investigators to measure the
maximum acidity of the content of the food-vacuole in Parameciitin and the con-
clusions reached differ greatly. In attempting to elucidate this diversity I extended
the observations which have been made, using Parameciiimn caudatum, P, nucleatum,
P. aurelia, and P. trichium.

In specimens of P. caudatum mounted in culture fluid ccmtammg numerous bac-
teria and congo red in excess, the following was found : The fluid in the newly formed
food-vacuoles was light yellow, the undissolved particles of congo red, yellowish
brown and the bacteria, colorless. As the vacuoles decreased in size after they had
left the pharynx, the fluid in them decreased greatly in quantity and became light
blue, the bacteria died and became dark blue and the particles of congo red became
dark blue; then as the vacuoles increased in size, the fluid in them increased greatly
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in quantity and became orange, after which the bacteria and the particles of congo
red soon also became orange, and remained so until they were eliminated.

In some of these observations the paramecia, after having been a few minutes
in the culture fluid containing bacteria and congo red, were transierred with as little
fluid as possible, to a smear of polyvinyl alcohol on a slide and covered with a cover-
glass. These paramecia became so quiet that they could readily be studied under
high magnification. Some of them contained food-vacuoles in which all the changes
described above were very distinctly seen. When these food-vacuoles had become
minimun in size the color of their content resembled that of buffer pH 3.2.  These
results therefore indicate that the maximum acidity of the content of the food-
vacuoles in Paramecium is approximately pH 3.2 and that this is reached when the
vacuoles have decreased to minimum in size. These observations were repeated,
but yeast-cells which had been stained with congo red were added to the preparations.

The culture from which the paramecia were taken was pH 6.8. They were
mounted in this fluid but NaOH was added to some of the preparations, so that a
series was obtained which ranged from pH 6.8 to pH 9.8. The stained yeast-cells
added were brilliant orange in color, and they remained so in all the preparations.
The foltowing results were obtained :

There was no perceptible change in the color in the ingested yeast-cells in any of
the preparations until after the food-vacuoles containing them had left the pharynx
and had decreased considerably in size. Then, in the preparations, pH 6.8-9, the
veast-cells in vacuoles which contained not more than about six, became sky-blue
like huffer pH 3, as the vacuoles decreased in size and then, after the vacuoles had
increased in size, brilliant orange again. If the food-vacueles contained more than
about six yeast-cells the extent of change in color from orange toward blue varied
inversely with the number of cells in a vacuole. In those which were well filled with
veast-cells and consequently contained but littte fluid, there was no appreciable
change in color. These vacuoles decreased only slightly in size. The extent of
change in color from orange toward blue, i.c., the increase in hydrogen-ion concen-
tration, is therefore correlated with the number of yeast-cells in the vacuoles and the
extent of the decrease in their size.

In fluid at pH 9.4 many of the paramecia did not feed, and those which did formed
food-vacuoles which were considerably smaller and contained fewer yeast-cells than
those formed in ordinary culture fluid. The cells in some of these vacuoles did not
appreciably change in color; but those in others became definitely bluish, i.e., about
like buffer pH 4. In fluid at pH 9.8 only a few of the paramecia fed and the food-
vacuoles formed contained only a few yeast-cells. There was no perceptible change
in color in any of these vacuoles, despite the fact that they contained only a few
veast-cells. This secems to show that the extent of change in color from orange
toward blue depends upon the alkalinity of the fluid which is ingested with the yeast-
cells. The fact, however, that no difference in the extent of change in color was ob-
served in culture fluids which ranged from pH 6.8 to pH 9 indicates that this cor-
relation is not very close.

In some of the observations paramecia were used which had been transferred suc-
cessively through ten separate portions of fresh sterile culture fluid so as to eliminate
nearly all the bacteria. The yeast-cells ingested in this solution changed in color as
extensively as those ingested in solutions which contained numerous bacteria. The
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increase in the acidity of the fluid in the food-vacuoles is therefore not closely, if at
all, correlated with the number of bacteria in it.

There was no perceptible color in the fluid in the food-vacuole in any of the tests
made with yeast-cells.

The results obtained with P. mucleatum and P. aurelia are essentially the same
as those obtained with P. caudatum, but those obtained with P. trichimm differed in
that no change in color whatever was observed in the ingested yeast-cells. In this
species the food-vacuoles usually contain only one yeast-cell when they leave the
pharynx (never more than two) and very little fluid. They consequently change
but little in size after they have left the pharynx. This is probably why there is no
perceptible change in the color of the stained yeast-cells in them.

The results obtained with congo red therefore indicate that the maximum acidity
of the content of the food-vacuole in Paramecium is approximately pH 3.2. This
1s in harmony with Bozler’s conclusion. Nirenstein and Kalmus contend however,
as previously stated, that the maximum acidity is much higher.

Nirenstein (1925) found, just as Bozler had. that ingested congo-red-stained
yeast-cells become blue in some food-vacuoles in Parameciun, but he contends that

.Bozler's conclusion is erroneous. IHe put yeast-cells and coagulated egg albumen
which had been stained orange with congo red, respectively into different concen-
trations of hydrochloric acid and found that, whereas a solution of congo red in
N/1000 (pH 3) HCl is blue, neither the yeast-cells nor the egg albumen changed
color in concentrations lower than N/30 (pH 1.47) and did not actually become
blue until N/10 (pH 1) was reached. He consequently concluded that since
stained egg-albumen and yeast-cells became blue in some of the food-vacuoles, the
acidity of the fluid in those vacuoles must have been approximately pH 1. Kalmus
(1931) repeated Nirenstein's observations and came to the same conclusion.

I added yeast-cells and congo red in excess to a series of Clark buffer solutions
(pH 1-9) in test-tubes, heated them to boiling and then left them for 12 hours. At
pH 2 and lower, the dye had precipitated, the fluid was very light purplish blue and
the yeast-cells were not perceptibly stained. At pH 2.2 a few of the yeast-cells were
slightly stained, light purple, the same shade as the fluid. At pH 3 the fluid was
densely lavender and about one-half of the yeast-cells were strongly stained and the
color was like that of the fluid. At pH 5 the fluid and all the yeast-cells were deep
red. At pH 7 the fluid was the same color as at pH 5 but the yeast-cells were light
orange. At pH 8 and higher the fluid was red but the yeast-cells were only slightly
stained and light yellow in color. Congo red therefore appears to stain yeast-cells
most readily in the neighborhood of pH 5.

Some of the red yeast-cells in buffer pH 5 were transferred to a series of buffers
(pH 1-3) containing congo red and examined from time to time for two hours.
At pH 1 and 1.2 the yeast-cells became densely sky-blue, at pH 1.4 purplish blue, at
pH 2 and 3 definitely purple.”

Some of the red yeast-cells from the pH 5 buffer were added to culture fluid
containing numerous paramecia. The yeast-cells were freely ingested. No change
in color was observed in any of the food-vacuoles which were well filled with yeast-

71t is not clear why yeast-cells do not stain at all with congo red at pH 1 and 1.2 but be-
come densely blue at these hydrogen-ion concentrations if they are first stained at higher
concentrations.
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cells, but in some of those which contained only a few, they unquestionably became
as blue as those in buffers pH 1 and 1.2 and then, as the vacuoles mcreased in size,
red again. In others they became purple of various shades so that all colors ob-
tained in buffers pH 1-3 could be matched.

These results appear therefore to support Nirenstein’s conclusion that the maxi-
mum acidity of the content of some of the food-vacuoles in Paramecinm is approxi-
mately pH 1. The salt, protein and other errors for congo red are however so
great that Clark (1928) and others maintain that the results obtained with it can be
considered only as crude approximations. Moreover, in measurements made with
a glass electrode, I found that congo red decreases the acidity of solutions and that
in saturated solutions of congo red this decrease is great, i.e., from pH 3.06 to pH
6.61 in N/1000 HCl. Nirenstein's conclusion regarding the maximum acidity of
the content of the food-vacuole, based on the assumption that congo red does not af-
fect the acidity of solutions of hydroc¢hloric acid, is consequently equivocal. 1T there-
fore repeated the experiments on congo red described above, with thymol blue and
meta cresol purple, both of which have only very small errors and only slightly af-
fect the acidity of solution to which they are added.

Thymol blue (pH 1.2, red—pH 2.7, vellowo) and weta cresol purple (;bH 1.2, red—
PH 2.8, yellow) '

In buffer solutions containing thymol blue, yeast-cells stain most readily at pH
3-5 and become lemon yellow. At pH 1-1.6 they do not stain percepthily, but if
vellow yeast-cells are put into these buffer solutions they become definitely pink of
the same shade as the solutions.

Paramecia ingest the stained yeast-cells freely except in preparations in which
the dye is too concentrated or the fluid too strongly acid. In every preparation
studied the density of the yellow color of the yeast-cells in the forming {ood-vacuoles
increased considerably. This is doubtless due to increase in the concentration of
the dye, owing to impermeability of the vacuolar membrane to it and loss of water.
After the food-vacuoles had left the pharynx, the yeast-cells in most of the vacuoles
remained yellow but in some in nearly every preparation they unquestionably
changed color and became as pink as those in buffer pH 1.4, and then as the vacu-
oles increased in size, yellow again.

The results obtained with meta cresol purple are essentially the same as those
obtained with thymol blue. The ingested, stained yeast-cells remained yellow in
most of the food-vacuoles, but in some they changed color as the vacuoles decreased
in size and clearly became as pink as those in the buffer pH 1.4, and then yellow
again as the vacuoles enlarged.

The results presented seem to demonstrate that while the maximum acidity of
the content of the food-vacuoles in Parameccinm differs enormously, it is at least as
high as pH 1.4 in some of them. If this is true it is phenomenal, for culture fluid
very much lower (even as low as pH 3.5) is instantly fatal to paramecia. The
relatively high concentration of acid in the food-vacuole without injury to the ad-
joining cytoplasm is convincing evidence in support of the contention presented
above that the vacuolar membrane is impermeable to acid.
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Tue Maxiatua ALKALINITY oF THE CONTENT OF THE Foon-VACUOLE

Four dyes were used in the observations on the maximum alkalinity of the
content of the food-vacuoles in Parameciuni, nile blue (Griibler, 1915, pH 7, blue—
pH 8, purple) ; phenol red (pH 6.8, yellow—pH 7.4, pink) ; brom thymol blue (pH
6, yellow—pH 7.6, blue), and cresol red (pH 7.2, vellow—pH 8.8, red). The ob-
servations made with congo red were repeated with each of these four dyves except
that only two species (. caudatium and P. nucleatum) were used and that the
hydrogen-ion concentration of the culture fluid in which the paramecia were
mounted, extended over a wider range. No difference was observed in the results
obtained with the two species.

Nile bluce

In the paramecia mounted in culture fluid containing nile blue, numerous food-
vacuoles with many bacteria were formed in all the preparations except those which
were so strongly alkaline that they were definitely toxic. These preparations were
examined under low and high magnification from time to time for six hours. The
content of the food-vacuoles was practically colorless until after the vacuoles had
decreased considerably in size; then the bacteria in them became deep sky-blue in
all the preparations and appeared to be dead, but the fluid remained colorless.
Later the vacuoles increased in size, but there was no appreciable change in the color
of either the fluid or the bacteria in them. There was no indication of a change to
a purplish tint in the content of any of them. The buffer solutions containing
Grubler's nile blue were sky-blue at pH 6.8, slightly purplish at pH 7.2, and dis-
tinctly purple at pH 7.6 and higher. The results presented, therefore, seem to show
that the content of the food-vacuoles certainly did not become as alkaline as pH 7.6
in any of them, and probably not as alkaline as pH 7.2.

Yeast-cells stained with nile blue were mounted respectively in acid (pH 6.8)
and alkaline (pH 8.6) culture fluids containing paramecia. The veast-cells were
freely ingested by the paramecia in all the preparations studied. In the acid culture
fluid they were sky-blue and no perceptible change in color occurred as they passed
through the body. In the alkaline culture fluid they were purple and they usually
remained purple, but occasionally, if the food-vacuoles contained only one or two.
they became blue as the vacuoles decreased in size and then purple again after they
had enlarged.

Some of the blue yeast-cells were mounted in each of the buffer solutions in the
series prepared. They remained blue in all below pH 7.6 and became only slightly
purplish at pH 7.8. The results presented above indicate, therefore, that the con-
tent of some of the food-vacuoles formed in alkaline culture fluid became at least as
alkaline as pH 7.8; but the fact that the veast-cells became purple in only a very small
percentage of the food-vacuoles shows that it rarely becomes as alkaline as this.
However, the fact that the yeast-cells did not become purple in any of the vacuoles
formed in acid culture fluid indicates that the maximum alkalinity of the content of
the food-vacuoles is correlated with the hydrogen-ion concentration of the sur-
rounding medium.
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Phenol ved

Paramecia can withstand a surprisingly strong solution of phenol red. If the
solution is alkaline the cytoplasm becomes distinctly yellowish green. The bacteria
in the culture fluid used containing phenol red were colorless and the fluid was yel-
low or pink, depending upon the hydrogen-ion concentration. In the food-vacuoles
the bacteria, regardless of the hydrogen-ion concentration of the culture fluid, be-
came dark yellow as the vacuoles decreased in size, but the fluid around them re-
mained colorless. Then as the vacuoles enlarged the fluid and the bacteria be-
canie faintly but distinctly pink (pH 7.4) in some of them and colorless in the rest.
These results are essentially in accord with those obtained by Shipley and DeGaris
(1925).

Stained yeast-cells became distinctly yellow in the acid and distinctly pink in
the alkaline culture fluids used. In the food-vacuoles the pink yeast-cells became
yvellow and the yellow ones remained yellow as the vacuoles decreased in size, the
fluid remained colorless. In about five percent of the vacuoles, especially those
which contained only a few yeast-cells, both kinds became faintly but distinctly pink
in color similar to stained yeast-cells in buffer pH 7.4, as the vacuoles enlarged.
In'the rest they remained either yellow or became colorless. No definite correla-
tion between the hydrogen-ion concentration of the surrounding medium and the
changes in the color of the content of the vacuoles was observed.

These results indicate that the maximum alkalinity reached in the food-vacuoles
varies greatly in different vacuoles but that it never exceeds pH 7.4.  Phenol red is,
however, not very satisfactory for the measurement of the hydrogen-ion concentra-
tion of the content of food-vacuoles; for the changes in color are rather indefinite
and the color of buffer solutions is at best not closely correlated with their hydro-
gen-ion concentration.

Brow thymol blue

The bacteria in the culture fluid, both acid and alkaline, containing brom thymol
blue were colorless. They were consequently colorless when they entered the food-
vacuoles. No changes in color in them or in the fluid around them was observed
as they passed through the body.

In the alkaline culture fluid used the stained yeast-cells became blue, and in the
acid culture fluid yellow. The blue yeast-cells which were ingested became yellow
almost immediately after the food-vacuoles left the pharynx, and in all the food-vacu-
oles which contained more than about four, they remained yellow until they were
eliminated or became colorless; but in the food-vacuoles which contained fewer
than about four they became (after the vacuoles had enlarged) greenish blue, about
the shade assumed by stained yeast-cells in buffer pH 7 or 7.2. No difference in
shade was observed in the acid and the alkaline culture fluids used.

These results indicate, therefore, that the maximum alkalinity attained by the
content of the food-vacuoles is not greater than pH 7 or possibly 7.2, i.e., not so
great as the results obtained with nile blue and phenol red indicate. The changes
in the color of yeast-cells stained with brom thymol blue is, however, so elusive in
the food-vacuoles that they indicate but little concerning the hydrogen-ion concentra-
tion of the fluid around them.
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Cresol red

The bacteria in culture fluid containing cresol red were colorless when they were
ingested, and no change in color was observed in them as they passed through the
body.

The stained yeast-cells became light yellow in the acid culture fluid used and
light pink in the alkaline. In the food-vacuoles they remained or became yellow
as the vacuoles decreased in size and then, with a very few exceptions, either be-
came colorless or remained yellow until they were eliminated, i.e., they did not change
color after the vacuole had enlarged. In a few instances, however, the yellow
yeast-cells assumed a light pink color, about like buffer pH 7.8.

It is evident that the results obtained with the four dyes used differ considerably.
They seem to indicate however that the alkalinity of the content of some of the
food-vacuoles is nearly, if not quite so high as pH 7.8 but that it is much lower
in most of the vacuoles. They also indicate the maximum alkalinity varies some-
what with the acidity of the fluid ingested.

THE ORIGIN OF THE ACID AND THE BASE IN THE Foop-VACUOLE

It is widely held that the acid and the base in the food-vacuole are secreted by
the adjoining cytoplasm (Greenwood and Saunders, 1894; Nirenstein, 1905; Lund,
1914 ; Howland, 1928 ; Claff et al., 1941 ; and others). However, Mast (1942) con-
cludes that in Amoecba the acid originates in the vacuoles and increases in concentra-
tion owing to impermeability of the vacuolar membrane to the acid and loss of
water, and that the subsequent increase in alkalinity is due to diffusion of alkaline
fluid from the cytoplasm into the vacuoles, that is, that “the cytoplasm secretes neither
acid nor base.”” And Mast and Bowen (1944) conclude that in the Peritricha,
“The increase in the acidity of the content of the vacuole is probably due to the
production of acid, owing to metabolism in the peristome, the vestibulum and the
pharynx and impermeability of the vacuolar membrane to organic acid, resulting in
its retention and consequent concentration as the vacuole decreases in size.” Mast
and Bowen (p. 213) present strong evidence in support of their conclusion. This
evidence applies equally well to the food-vacuoles in Parameciim and leads to the
same conclusion. It should be emphasized, however, that secretion of acid by the
cytoplasm adjoining the vestibulum and the pharynx is by no means ruled out.

The increase in alkalinity in the food-vacuole in Paramecinin is doubtless
brought about in the same way as it is in the Peritricha, i.e., by entrance of alkaline
fluid from the cytoplasm. According to these views the cytoplasm adjoining the
food-vacuoles does not secrete either acid or base.

’
TaE FuNctioN oF THE CHANGES IN THE HYDROGEN-TON CONCENTRATION
IN THE Foop-VAcuoLE

It is maintained by Hemmeter (1896), Nirenstein (1925), Howland (1928),
and Claff et al. (1941) that the organisms ingested by protozoa are killed by the
acid in the food-vacuoles and that this is its primary if not its only function. There
is, however, strong opposition to these contentions.

Fortner (1933) holds that in Paramecium candatum the ingested organisms are
killed by a toxic substance. He asserts that this substance is formed in the neutral-
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red granules, and that these granules pass through the vacuolar membrane into the
food-vacuole shortly after it has left the pharynx, and release the substance there.

These assertions are certainly not strictly valid, for as demonstrated above, the
neutral-red granules do not enter the food-vacuole. It might be, however, that
since some of them are in close contact with the vacuolar membrane when the food-
vacuole leaves the pharynx, toxic substance diffuses from them into the vacuole and
kills the ingested organisms. It is however far more likely that if toxic substance
is involved in this phenomenon, it is secreted by the wall of the pharynx and taken
up by the fluid which passes into the forming food-vacuoles, and that it there (owing
to impermeability of the vacuolar membrane and loss of water) increases in con-
centration and consequently becomes lethal. At any rate, there is much evidence
that the pharynx secretes substances which pass into the forming food-vacuole.

Fortner (1933) found that if numerous crushed bacteria are added to culture
fluid containing live bacteria and paramecia the ingested bacteria are not killed, and
that the vacuoles, as previously stated, do not decrease in size. This secems to show
that death of the bacteria depends upon decrease in the size of the vacuoles. If this
is true, it lends support to the hypothesis that the bacteria in the food-vacuole are
killed by toxic substance which has been concentrated in the food-vacuoles owing
to loss of water and impermeability of the vacuolar membrane to the toxic substance.

Mast (1942) in observations on Amoeba and Mast and Bowen (1944) in ob-
servations on the Peritricha present strong evidence that the acid i the food-vacuoles
in these protozoa does not hecome sufficiently concentrated to kill the ingested or-
ganisms and the results presented above seem to show that this also obtains for most
of the food-vacuoles in Paramecium. Mast concludes that in Amocba the primary
lethal factor in the food-vacuole is reduction of oxygen, owing to respiration and loss
of water, and Mast and Bowen accept this view in reference to the Peritricha, but
they present no evidence in support of it and none was obtained in the present ob-
servations on Paramecii. .

No one has observed any indication of digestion in the food-vacuole during its
acid phase. Nirenstein (1905) thinks, however, that there are invisible preliminary
changes. However this may be, it is practically certain that the osmotic concen-
tration of the fluid in the vacuole increases greatly during this phase, and it may well
be that this is caused by hydrolvsis of complex compounds, owing to the presence of
acid, and that this causes the rapid inflow of fluid from the cytoplasm, which probably
contains digestive enzymes. If this is true, the acid in the food-vacuoles obviously
functions, at least indirectly, in digestion. There are consequently several hypothe-
ses concerning the function of the acid in the food-vacuole but there is not much
evidence in support of any of them.

It has been conclusively demonstrated that digestion in the protozoa takes place
largely, if not entirely, in the food-vacuoles during the alkaline phase, but since this
phase seems to be merely the result of inflow of fluid from the cytoplasm, digestion
is not correlated with anything in the nature of secretion of alkaline substance.

DigesTion

Nirenstein (1905) made detailed observations on bacteria, yolk granules, fat
globules, and starch grains in the food-vacuoles in Paramecium candatum. He says
he observed no indication of digestion in any of these substances until after the fluid
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in the vacuoles had become alkaline, but that after this had occurred the bacteria and
the yolk granules gradually decreased in number and finally disappeared entirely and
some of the starch grains corroded. He was at this time in doubt about the fate of
the fat globules, but he later (1910) presented evidence which strongly indicates
that fat is hydrolyzed in the food-vacuoles.

Nirenstein's views concerning the time of digestion in the food-vacuoles in
Paramecium and the digestion of proteins have been adequately confirmed ; his con-
tention that paramecia digest starch is supported by results obtained by Pring-
sheim (1928) and Zingher (1933) in observation on Paramecium caudatum; and
his contention that they digest fat is indirectly supported by results obtained by
Dawson and Belkin (1929), Mast (1938), and Wilber (1942) in observations on
Amoeba and Pelomyxa.

I repeated Nirenstein’s observations and obtained results which are in harmony
with his. It should be emphasized, however, that in my experiments only a very
small proportion of the starch (wheat and potato) ingested by the paramecia was
digested. Observations by Greenwood (1886), Meissner (1888), and Mast and
Hahnert (1935) indicate that this also obtains for Amoeba. Indeed, it is doubtful
whether in this organism any starch is digested except that which is in other organ-
isms which have been ingested.

THE ORrIGIN 0oF THE DIGESTIVE ENZYMES AND THE FUNCTION OF THE NEUTRAL-
RED GRANULES AND THE MITOCHONDRIA

The fact that protein, starch and fat are digested in the food-vacuoles in Para-
mecium shows that these vacuoles contain peptidase, amylase, and lipase, and the fact
that digestion does not begin until after the fluid in the vacuole has become alkaline
shows that these enzymes are active in a basic medium. The questions now arise
as to where these enzymies originate and how they get into the food-vacuoles.

Prowazek (1898) who, in observations on paramecia, discovered the neutral-
red granules and their tendency to aggregate at the surface of the forming food-
vacuole, maintains that they contain digestive enzymes. He consequently called
them “Fermenttriiger”. He offers no explanation as to how the postulated enzymes
in the granules get into the vacuole, but Nirenstein (1905) who accepts Prowazek's
contentions, holds that the granules pass through the vacuolar membrane and carry
the enzymes into the vacuole. He asserts that, in paramecia in culture fluid con-
taining neutral red, he observed red granules appear in food-vacuoles shortly after
they had left the pharynx. He consequently concluded that the red granules in the
food-vacuoles came from the cytoplasm and passed through the vacuolar membrane
into the food-vacuoles and that the enzymes in the vacuoles are carried in by these
granules.

These conclusions are supported by Rees (1922), Bozler (1924), Fortner
(1926), Volkonsky (1929), Miller (1932), and MacLennan (1941, p. 129). All
these investigators hold that in Paramecium the neutral-red granules actually pass
through the vacuolar membrane and carry enzymes into the food-vacuoles. None of
them, however, maintains that he saw this. Their contention is based largely on
Nirenstein’s observation of the appearance of red granules in the food-vacuoles.
It is, however, obvious that these granules may have entered the food-vacuoles by
way of the pharyux. The evidence in support of the contention that neutral-red
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granules pass from the cytoplasm into the food-vacuoles in Parameciui is therefore
very weak. There is, however, evidence which strongly indicates that in some other
organisms neutral-red staining substance actually passes from the cytoplasm into
the food-vacuoles.

MacLennan (1936) asserts that in Ichthyophthirius neutral-red staining sub-
stance becomes attached to particles of food which are naked in the cytoplasm, that
these particles aggregate, and that a membrane then forms, enclosing them, to-
gether with some fluid, in a vacuole. He thinks that the neutral-red staining sub-
stance contains digestive enzymes. Hopkins and Warner (1946) hold similar views
regarding the food-vacuoles in Entamocba histolytica and they maintain, moreover,
that they actually saw globules pass through the vacuolar membrane into and out of
the food-vacuoles.

The idea that granules or globules cany enzymes into the food-vacuoles, is con-
sequently widely hcld. There 1s, however, evidence which very strongly indicates
that this does not obtain in Paramecium.

Khainsky (1911) studied the food-vacuole of Paramecium candatum in fixed
and stained specimens and in living specimens. He obtained no evidence which in-
dicates that granules or globules pass from the cytoplasm into the food-vacuoles.
He maintains, however, that neutral-red staining globules form in the vacuole and
pass out through the vacuolar membrane. Koehring (1930) made extensive ob-
servations on neutral-red granules in various protozoa. She concludes that they
function as enzyme carriers in all, but that they do not enter the food-vacuoles.
Referring to Paramectum candatum she says (p. 67) : “As the new vacuole is being
formed they [the neutral-red granules] gather at the membrane, bombarding it like
hailstones, but making no impression on the firm surface. Then as this vacuole
flows away attached by its canal . . . some of the granules leave this vacuole and
return to the next, which is already in the process of formation. Those left con-
tinue bombardment of the vacuole as the pink color slowly forms within.”

Dunihue (1931) asserts that in Parameciuim caudatum the surface of the form-
ing food-vacuoles becomes “closely packed” with neutral-red staining globules

“which remain firmly attached throughout most of the digestive period” and do not
enter the vacuoles.

As stated in a preceding section, I made under most favorable conditions in-
tensive observations on the neutral-red granules at the surface of food-vacuoles
throughout their entire existence and obtained no evidence indicating that visible
granules or globules of any kind ever pass through the vacuolar membrane into
or out of the food-vacuoles in Parameciin. What, then, was the origin of the
red granules observed by Nirenstein in the food-vacuoles in Paramecinm?

These granules doubtless originated in substance ingested by the paramecia. At
any rate it has been clearly demonstrated that this occurs in Amocba proteus (Mast
and Hahnert, 1935; Mast and Doyle, 1935). Tt can therefore be concluded that
the neutral-red granules found in the cytoplasm in Paramecium do not enter the food-
vacuoles. This does not, however, demonstrate that they are not involved in diges-
tion. If they contain enzymes it may be that in aggregating at the surface of the
food-vacuoles the concentration of enzymes is increased and that this facilitates their
diffusion into the vacuoles. The facts, however, that there is a marked flow of
fluid out of the vacuole during the entire time that the aggregation of these granules
is prominent and that most of the granules usually leave the surface of the vacuoles
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long before digestion begins, seem to militate against this possibility. Moreover,
Hall and Dunihue (1931) and Mast and Bowen (1944) found that in Vorticella
and other Peritricha the neutral-red granules do not aggregate at the surface of the
food-vacuoles, and Mast (1926) found that in Awmocba there are none. They are
therefore certainly not functional in digestion in the latter and very probably not in
the former. The evidence in support of the contention that they function in diges-
tion in Parameciuim is therefore negligible. \What, then, is their function in this
organism?

Fortner (1926, 1928) maintains that they originate in the cytoplasm adjoining
the nucleus, that they contain protein and fat, and that they decrease greatly in
number during starvation. If these contentions are valid, the composition of the
granules and their disappearance seem to suggest that they are reserve food; but,
if this is what they are, why do they originate near the nucleus, and why do they
aggregate at the surface of the food-vacuole during its formation? The function
of the neutral-red granules in Paramecium is apparently still decidedly hazy.

Horning (1926a) contends that in Amoeba sp. janus-green staining bodies
(mitochondria) aggregate among particles of food in the cytoplasm and that a mem-
brane then forms and encloses the food and the mitochondria in a vacuole. He says
that in Parameciwm sp. mitochondria “are extruded from the cell protoplasm
[through the vacuolar membrane| into the food vacuoles” during the alkaline phase.
He concludes that the mitochondria in these protozoa function in carrying digestive
enzymes to the ingested food. Volkonsky (1934) does not agree with Horning.
He maintains that the mitochondria do not enter the food-vacuoles and that they do
not take part in digestion in protozoa.

As stated above, I was unable to see any particles pass from the cytoplasm into the
food-vacuoles in Paramecium. Hall and Nigrelli (1930) could not obtain any evi-
dence of mitochondria in the food-vacuoles in Forticella, and Mast and Doyle (1935)
in an intensive study of the movement of the mitochondria in Amoeba proteus under
very favorable conditions concluded that they do not pass into the food-vacuoles.
They found that the mitochondria move about in the cytoplasm freely and often
come in contact with the surface of the food-vacuoles in all stages of development and
at times form aggregations at the surface, but that none pass into the vacuoles.
These observations and others led them to conclude that the mitochondria in Amocba
“probably function in transferring substances from place to place in the cytoplasm.”

Holter and Kopac (1937) maintain that in centrifuged specimens of Amoeba
proteus, the mitochondria are in a fairly well defined stratum but -that the enzyme,
peptidase, is not stratified. They consequently conclude that this enzyme is not
associated with mitochondria. IHowever, Holter and Doyle (1938) in similar tests
found that amylase and mitochondria in Amocba tend to accumulate in the same
stratum. These results seem to indicate that this enzyme is attached to the mito-
chondria. The authors do not. however, hold that this association is proved.

The evidence in support of the contention that the mitochondria and the neutral-
red granules in Paramecium are enzyme carriers is therefore, as yet, far from con-
vincing. Where, then, do the digestive enzymes in the food-vacuoles come from?

Some doubtless come from the organisms and other substances which have been
ingested and the rest are, I think, as previously stated, carried from the cytoplasm
into the vacuoles with the fluid that enters during the rapid enlargement of the vacu-
oles at the beginning of the alkaline phase. Where and how the enzymes in the
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cytoplasm originate is not known. Fortner (1926). as stated above, maintains that
the neutral-red granules are formed in the cytoplasm adjoining the nucleus. He
holds that the enzymes are closely associated with these granules and consequently
concludes that they also originate in this region. The validity of the contention that
the enzymes are closely associated with the neutral-red granules is, however, very
doubtful. The evidence in support of Fortner’s conclusion is, therefore, very weak.
It is known however that in Chilomonas paramecunn enzymes are synthesized in the
protoplasm, for this organism can be grown on known simple chemical compounds
(Mast and Pace, 1933), but how and where they are synthesized and what they are,
chemically, is not known, and this can also be said of the enzynies in other protozoa.

SUMMARY

1. The feeding apparatus in Paramecium consists of a shallow ciliated groove, a
ciliated tube which leads into the body, and a bundle of fibers (esophageal fibers)
which extend from the tube nearly to the posterior end of the body. The tube 1s
composed of an outer part (the vestibulum) and an inner part (the pharynx).

2. Paramecia ingest all sorts of small particles, but more digestible than in-
digestible ones. Selection takes place in the vestibulum and the proximal end of
the pharynx.

3. In forming a food-vacuole, the cilia in the pharynx force fluid with particles
in suspension against the membrane over the distal opening of the pharynx, pro-
ducing a sac, the esophageal sac.

4. As the esophageal sac enlarges, the particles in suspension in it become greatly
concentrated, owing largely, if not entirely, to the passage of water out through the
membrane into the cytoplasm.

5. A portion oi this sac is constricted off, as a food-vacuole, probably by the
action of the esophageal fibers.

6. The initiation of the constriction of the sac is probably due to periodicity in
the counstrictive action of the fibers. the size of the sac, and the composition of its
contents.

7. There is much variability in the size of the food-vacuoles. This is correlated
with the quantity and the quality of the particles in the surrounding fluid, the chem-
ical composition of this fluid, the rate of ingestion, the rate of loss of water from the
esophageal sac, and the length of the intervals between consecutive constrictions of
the esophageal fibers. The frequency of formation of food-vacuoles is correlated
with the quantity and the quality of the particles in the surrounding fluid and the
acidity, and the temperature of this fluid. The shape of the food-vacuoles depends
largely, if not entirely, upon the viscosity of their content.

8. After the food-vacuole has left the pharynx it passes rapidly on a fixed course
toward the posterior end of the body, and slowly on a varied course to the anus.
The former is probably due to the action of the esophageal fibers; the latter is due
to cvclosis.

9. On its course through the body, the food-vacuole usually decreases greatly
in size, and the acidity of its content increases greatly; then it enlarges very rapidly
and the acidity of its content decreases greatly. The extent of these changes varies
enormously.  Under some conditions there are no perceptible changes ; under others
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the acidity in some vacuoles increases to a maximum at least as high as pH 1.4 and
then decreases approximately to pH 7.8.

10. There is no “preliminary alkaline phase” of the food-vacuole.

11. The change in acidity is definitely correlated with change in size. The
changes in size are due to difference between internal and external osmotic concen-
tration and the action of the stretched vacuolar membrane. The increase in acidity
is probably due to secretion of acid by the cytoplasm adjoining the vestibulum and the
pharynx and to impermeability of the vacuolar membrane to hydrogen-ions, and loss
of water. The decrease in acidity is due to entrance of alkaline fluid from the cyto-
plasm.

12. The increase in acidity probably causes hydrolysis and thereby increase in
osmotic concentration resulting in inflow of fluid containing digestive enzymes.

13. Death of ingested living organisms is probably largely due to toxic substance
produced by the pharynx and concentrated in the food-vacuole, owing to imperme-
ability of the vacuolar membrane to it, and loss of water.

14. Paramecia digest protein, fat, and starch. Digestion takes place during the
alkaline phase of the food-vacuole. The enzymes involved originate in the cytoplasm
and are carried into the food-vacuole by the cytoplasmic fluid which enters during
its rapid enlargement.

15. The neutral-red granules and the mitochondria are probably not invoelved in
digestion.

16. All these phenomena are essentially the same in the four species studied,
namely P. caudatimn, P. nucleatum, P. aurelia, and P. trichium.
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